ABSTRACT Rabbit antiserum raised against highest molecular weight microtubule-associated protein (MAP-l) of brain immunoprecipitated 350,000-, 300,000-, and 80,000-mol-wt phosphoproteins of rat embryo fibroblasts (3Y1-B). The 350,000-mol-wt protein was sensitive to heat as was brain MAP-l, but the 300,000-and 80,000-mol-wt proteins were not. These polypeptides were hardly phosphorylated in cells in the quiescent Go phase but were rapidly phosphorylated after addition of serum, epidermal growth factor, phorbol ester, insulin, or transferrin in the presence of calcium ions. All these agents also induced incorporation of [3H]-thymidine into DNA. These polypeptides were detected in isolated microtubules and coldresistant filaments by immunoblotting. Since the 350,O00-mol-wt polypeptide was detected in the membrane, the cytoskeletons, and the nucleus, and has been suggested to function as a linker, its rapid phosphorylation might represent an early process in transduction of the signal of mitogenic stimulation to the nucleus.
in vitro and in the cell (1, 10, 11), and their amount in pheochromocytoma cells increased upon treatment with nerve growth factor (12) . The presence of the high molecular weight phosphoprotein in the plasma membrane suggests that it also has a role in the interaction of membrane proteins and microtubules (l 1). Cyclic AMP-dependent phosphorylation of the brain 300,000-mol-wt protein, MAP-2, is known to cause a drastic change in its interaction with actin filaments in vitro (13, 14) .
We assumed that cellular analogues of MAP-l act as linkers between receptors for growth factors and cytoskeletal components, and that their extent of phosphorylation regulates these interactions. We report the rapid Ca++-dependent phosphorylations of 350,000-and 80,000-mol-wt polypeptides in response to various growth factors.
Preparation of Antiserum: WepurifiedMAP-l fromfreshratbrain by the rapid method previously described (16). Briefly, we isolated microtubule proteins by two cycles of temperature-dependent assembly and disassembly (17) , and then separated MAPs from tubulin by DEAE-cellulose column chromatography. We then fractionated the MAP preparations by high pressure liquid chromatography on TSKOGEL G4000SW. The fraction with the highest molecular weight contained predominantly MAP-l, as shown by SDS PAGE, and was used as the immunogen. Antiserum was raised in rabbits by 12 repeated injections of this MAP-l preparation intracutaneously into 100 sites each time every 2 wk.
Immunoblotting: We prepared brain microtubules, a whole cell extract, and cytoskeletons as samples for immunoblotting. We purified brain microtubules from porcine brain by two cycles of reversible assembly (17) . We dissolved the whole cell pellet with sonication in hot SDS sample buffer (2% SDS and 5% 2-mercaptoethanol in Tris-HC1 [pH 6.8], supplemented with 6 M urea) within 5 s to avoid proteolylic degradation. We isolated cytoskeletons from 3Y l-B cells by using Taxol (National Cancer Institute) (18) . For this, we homogenized -2 x l0 s 3Y1-B cells in 2 vol of extraction medium (pH 6.8) with protease inhibitors (0. l M PIPES, l mM MgCl2, 2 mM EGTA, 4 mM 2-mercaptoethanol, 0.9 M glycerine, 1 mM phenylmethylsulfonyl fluoride and l0 ug/ml leupeptin, and centrifuged the cells at 50,000 g for 30 min. We incubated the supernatant with 20 #M Taxol and l mM GTP for l0 min at 37"C to allow the assembly of cytoskeletons. We then centrifuged the mixture at 50.000 g for 20 rain through a layer of 10% sucrose in extraction medium containing 20 uM Taxol and 1 mM GTP, We used the precipitate, of which tubulin and actin were major components, as whole cytoskeletons. To isolate microtubules from other cytoskeletons, we centrifuged the first 50,000 g supernatant at 136,000 g for 60 min to precipitate cold-resistant filaments. Then we polymerized the microtubule proteins in the supernatant with Taxol and GTP. We separated these samples by electrophoresis on a linear gradient (4-15%) polyacrylamide gel. We electrophoretica!ly transferred proteins to a nitrocellulose membrane, and stained them with immunoperoxidase as previously described (7).
Immunoprecipitation:
We used an indirect immunoprecipitation method (19) . Briefly, we lysed ~ 10 e 32P-labeled cells with 200 t~l of lysis buffer (1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 M NaCl and 0.05 M Tris-HC1 [pH 8.0]) containing protease inhibitors, and clarified them by centrifugation at 14,000 rpm for 20 rain. The supernatant was reacted with 15 ~l of antiserum for 30 rain at room temperature; we then added 45 ~l of a 10% suspension of Staphylococcus aureus Cowan l to adsorb the immune complexes. After l0 rain at room temperature, the sample was washed three times with lysis buffer and processed for 4-15% SDS PAGE. We stained and dried the gel for autoradiography with Kodak X-Omat AR film. After development of the film, we counted the radioactivities of gel slices corresponding to the 350,000-and 80,000-mol-wt bands in toluene scintillator in a Beckman liquid scintillation counter.
RESULTS

Molecules with Immunoreactivity with the Antiserum
We raised rabbit antiserum against purified MAP-I prepared from rat brain microtubules. We determined the immunoreactive molecules of brain microtubules or of 3Y1-B cells by immunoblotting, as shown in Fig. I . We examined brain microtubules (A, a), the whole cell extract (B, b), and whole cytoskeletons, which were prepared from 3YI-B cells using Taxol and GTP (C, c). Tubulin and actin were the The major cross-reactive polypeptides of the whole cell extract and cytoskeletons were the 350,000-, 300,000-, 80,000-, and 68,000-mol-wt proteins. Minor bands of cross-reactivity were occasionally seen at molecular weights of 290,000-200,000, 51,000-74,000, and 18,000-30,000. The cytoskeletons were further separated into microtubules and cold-resistant filaments. We then boiled an aliquot of the microtubule preparation for 5 rain in the presence of 0.6 M NaCl to examine the heat sensitivity of the antigenic molecules. Fig. 2 shows the Coomassie Blue staining of SDS gels (A-E) and the immunoperoxidase staining of blotted membranes (b-e). The 350,000-mol-wt band on immunoblotting was less evident in microtubules than in cold-resistant filaments. The 350,000-mol-wt polypeptide was denatured by boiling and was detected in the pellet obtained by centrifugation of the heat-treated preparation. On the other hand, the 300,000, 80,000-, and 68,000-mol-wt polypeptides were heatresistant, and remained in the supernatant. With regard to heat sensitivity, the 350,000-mol-wt polypeptide is like brain MAP-1 and the 300,000-mol-wt polypeptide is like brain MAP-2.
Relation of Phosphorylation to the Cell Cycle
In medium containing 1% FCS, 3Y1-B cells ceased to proliferate on the second day of culture and thereafter remained in the quiescent stage. Addition of fresh serum to the quiescent cells induced DNA synthesis after a latent period of ~10 h. Time-course experiments showed that the peak of DNA synthesis occurred at 16 h and the peak of mitosis at 20 h after stimulation (15, 20) . Cells at different stages of the cell cycle were incubated in phosphate-free minimal essential medium containing 50 #Ci/ml of carrier-free 32P-phosphorus for 2 h. Extract of the labeled cells in lysis buffer were subjected to immunoprecipitation with anti-MAP-1 antiserum or with normal rabbit serum. Fig. 3 shows autoradiograms of the immunoprecipitated proteins after their electrophoresis in 4-15 % polyacrylamide gels. The major phosphoproteins that reacted with anti-MAP-1 serum but not with normal rabbit serum were the 350,000-, 300,000-, and 80,000-mol-wt proteins. These polypeptides were scarcely phosphorylated when 32p-phosphorus was added to quiescent cells (Fig. 3A) . When 32p was added immediately after stimulation with serum, labeling of these polypeptides during the next 2 h increased fivefold. The phosphorylation increased further when 32p was added from 2 to 4 h after stimulation. S-Phase cells (l 5-17 h after stimulation) also showed enhanced labeling of the polypeptides (Fig. 3 C) . Phosphorylation of the 350,000-mol-wt band increased in parallel with that of the 80,000-mol-wt band.
Effects of Growth Factors
We used two procedures to examine the effects of growth factors on quiescent 3Y1-B cells. One was the simultaneous application of various growth factors and 32p for 2 h (Fig. 4) . The other was the incorporation of 32P into quiescent cells for 16 h, and the subsequent application of growth factors for 20 rain. The latter procedure was designed to prelabel the ATP pool for detection of rapid phosphorylation and to avoid the complication of possible change in permeability of 32p induced by the growth factors. Both procedures demonstrated that FCS (10%), EGF (30 ng/ml), TPA (0.1 ~g/ml), insulin (1 ~g/ml), and transferrin (10/xg/ml) stimulated the phosphorylations of 350,000-and 80,000-mol-wt polypeptides in the presence of Ca +÷. Application of 3 mM EGTA to chelate Ca ++ 5 min before the addition of the growth factors suppressed the stimulation of phosphorylation (Fig. 5) . Table I shows the radioactivity of the excised piece of gel containing the 350,000-mol-wt polypeptide. The first column represents the results of the first experimental procedure (simultaneous additions of factors and 32p) and the second column represents the results of the other procedure (previous incorporation of 32p). The ratios of increase in phosphorylation of the 350,000-mol-wt polypeptide and of the 80,000-moi-wt polypeptide were parallel.
To examine the relationship between phosphorylation of these polypeptides and mitogenic stimulation, we determined the incorporation of [3H]thymidine into the acid-insoluble fraction. Quiescent cells were stimulated by growth factors with or without 3 mM EGTA, and then incubated with [3H]thymidine from 5 to 20 h after stimulation. As indicated in Table I , the factors that stimulated the phosphorylations of the 350,000-and 80,000-mol-wt proteins (EGF, TPA, insulin, and transferrin) also stimulated DNA synthesis. On the other hand, addition of EGTA with these growth factors or hydrocortisone resulted in no increase in phosphorylation of the polypeptides or incorporation of [3H]thymidine into DNA. 
D I S C U S S I O N
These findings demonstrated that addition of mitogenic agents to intact quiescent 3Y1 cells rapidly enhanced Ca ++-dependent phosphorylation of 350,000-and 80,000-mol-wt proteins. The existence of two enzyme systems of Ca ++-dependent phosphorylation in the activation of platelets has been established; namely, Ca++-activated phospholipid-dependent protein kinase (C-kinase) and calcium-calmodulindependent protein kinase (21) . The crucial role of C-kinase in signal transduction for a variety of biologically active substances has also been shown (22) . C-Kinase phosphorylates different amino acid residues from other kinases. A phorbol ester binds with C-kinase, which phosphorylates the EGF receptor, and reduces tyrosine protein kinase activity of the receptor (23, 24) . We are now examining the involvement of C-kinase in the phosphorylations of the 350,000-and 80,000-moi-wt polypeptides in terms of phospholipid-dependency and the amino acid residues phosphorylated. 
